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Accurate identification of eloquent cortical areas is of para-
mount importance for safe surgical resection in cases of
medically intractable epilepsy or in glioma cases. Despite all
the recent advances in functional magnetic resonance imag-
ing (fMRI) and diffusion tensor imaging (DTI) as well as in
magnetic source imaging and high-density surface EEGs,
direct electrical cortical stimulation remains the gold stan-
dard for accurately outlining cortical eloquent areas.
Intraoperatively employed cortical stimulation and mapping
through an awake craniotomy is not always feasible. Patients
with anxiety or fear of undergoing an awake surgical proce-
dure, those with conditions contraindicating an awake proce-
dure, and pediatric patients may not be suitable for mapping
through an awake craniotomy. In these cases, and also in
cases of medically refractory epilepsy in which invasive
EEG monitoring is required for localizing any epileptogenic
focus/i, cortical mapping may safely be accomplished
through an extraoperative stimulation via implanted subdural
and/or depth electrodes. This chapter presents the surgical
preparation, the preoperative planning, the surgical proce-
dure, and the extraoperative stimulation and mapping pro-
cesses and their nuances. The associated complications with
the electrode implantation and the invasive EEG monitoring
and stimulation are also presented. Moreover, the future per-
spectives of invasive EEG monitoring and extraoperative
cortical stimulation and mapping are briefly presented.

K. N. Fountas (0<)

University Hospital of Larisa, Medical School,
University of Thessaly, Larisa, Greece

e-mail: fountas@uth.gr

J. R. Smith

Department of Neurosurgery, Augusta University,
Augusta, GA, USA

e-mail: jsmith@mail.mcg.edu

© Springer International Publishing AG, part of Springer Nature 2019

11.1 Introduction

The great positive effect of maximal resection in the overall
survival of patients with gliomas has been well documented
[1-5]. Gross total resection and even supramarginal resec-
tion of low-grade gliomas (LGGs) have been demonstrated
to significantly increase the five- and ten-year survival rates
and to minimize or significantly decrease the frequency and
the severity of any preoperative seizure activity [6-8].
Furthermore, such resection has been demonstrated to
decrease the possibility of a tumor recurrence and of its
advancement to a higher histologic grade [6-8]. Likewise, it
has been shown that maximal tumor resection is associated
with prolonged progression-free and overall survival as well
as improved functional status in patients with high-grade
gliomas (HGGs) [4, 5, 9-11]. However, maximal glioma
resection may jeopardize any adjacent cortical areas, particu-
larly in those cases in which gliomas are located in or near
eloquent cortical areas.

The definition of eloquent cortical areas has evolved over
time, especially during the last two decades with the great
advances in the fields of neuroimaging and electrophysiol-
ogy. Traditionally, the cortical areas associated with motor,
sensory, and speech functions are considered eloquent.
Anatomic models had outlined the precentral sulcus
(Brodmann area 4), and the supplementary motor area
(Brodmann area 6) as the main cortical areas associated with
motor function, the postcentral sulcus (Brodmann areas 1, 2,
and 3) as the main area associated with sensory function, and
the Broca (Brodmann areas 44 and 45) and Wernicke areas
(Brodmann areas 22, 39, and 40) as the main cortical areas
associated with speech functions. However, the landmark
study of Ojemann et al. [12] demonstrated that these ana-
tomic models are highly inaccurate, and the functional corti-
cal areas demonstrate significant variation in regard to their
exact anatomic location. The wide clinical employment of
direct electrical cortical stimulation during neurosurgical
procedures practically redefined the boundaries of the
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eloquent cortical areas, especially those associated with
speech, and it confirmed that every patient has his or her own
unique cortical functional map.

Furthermore, the emergence of functional MRI method-
ologies (task-generated and resting-state fMRI and diffu-
sion tensor imaging), the evolution of standard
electrophysiologic studies (high-density surface EEGs), and
the development of hybrid imaging modalities combing
neurophysiologic and anatomic data (magnetic source imag-
ing, superimposing magneto-encephalo-graphic data on
high-resolution MRIs) significantly enhanced our knowl-
edge regarding the cortical areas involved in the speech pro-
cess and their complex connectivity. Numerous studies have
provided insights into the involvement of several other cor-
tical areas in addition to the Broca and Wernicke areas [13—
27]. They have shown that there is involvement in the speech
process of cortical areas located in the frontal, temporal, and
insular lobes of the dominant hemisphere but also in the
temporal lobe of the nondominant hemisphere. It has been
proposed that these cortical areas could be the functional
components of two interacting loops: a preparatory and an
executive one. The key elements of the preparatory loop are
the supplementary motor area, the insula, and the superior
cerebellum, while the executive loop includes the primary
motor cortex, the thalamus, and the inferior cerebellum
(Fig. 11.1). It has also been recently demonstrated that these
extensive and highly complex cortical networks are inter-
connected with numerous white matter bundles [13, 23,
28-32]. The arcuate, the uncinate, the inferior fronto-occip-
ital, the superior longitudinal, the middle longitudinal, and
the inferior longitudinal fasciculi interconnect these cortical
areas and participate in the speech process [13, 23, 28-32].
Interestingly, several investigators have postulated that these
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Fig. 11.1 Schematic representation of all cortical areas organized in
two loops—a preparatory and an executive one—involved in speech
production

complex and interconnecting cortical and subcortical net-
works may demonstrate plasticity over time and may be
variable not only from patient to patient but even in the same
patient [33-35].

Intraoperative direct electrical stimulation is considered
the gold standard in identifying and outlining cortical and
subcortical areas associated with speech [12, 36-39].
However, it requires the patient undergoing surgery to be
awake, fully cooperative, and psychologically stable. These
conditions may represent limiting factors for employing
direct stimulation and cortical/subcortical mapping. In addi-
tion, the patient’s obesity, pre-existing respiratory difficul-
ties, brain midline structure shift caused by mass effect and
edema, stimulation-induced seizures, and occurrence of
trigemino-cardiac reflex may be relative contraindications
for an awake craniotomy (Table 11.1) [40—43]. It should also
be pointed out that during an awake craniotomy only certain
language tasks can be assessed, mainly because of time
restrictions. The overall failure rate of awake procedures has
been reported to range between 0.5% and 6.3% [40, 42, 43].

Extraoperative cortical stimulation and mapping repre-
sent a valid alternative option for those patients who cannot
undergo an awake procedure. They may be suitable for pedi-
atric patients, for patients who are afraid of undergoing an
awake surgical procedure, or for cases in which an extensive
stimulation and mapping process is required (multilingual
patients, extensive mapping of complex neurocognitive
functions). This methodology lends itself to the evaluation
and the safe surgical planning of patients with medically
refractory epilepsy, gliomas, or metastatic tumors of elo-
quent areas as well as vascular lesions arterio-venous mal-
formations (AVMs) or cavernous malformations (CMs) of
eloquent areas.

Table 11.1 Relative Contraindications for an Awake Craniotomy

Severely obese patient
Pre-existing respiratory difficulty or pathology

Severe brain midline shift caused by mass effect and edema
Pre-existing aphasia

Patient’s anxiety, fear, or inability to collaborate/cooperate
Heavy smoking

These conditions constitute relative and not absolute contraindications,
depending on the patient and the experience of the involved neurosur-
geon with awake procedures
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11.2 Preoperative Assessment

The whole process of the two separate surgical procedures
and the extraoperative stimulation and mapping session or
sessions are adequately explained to the patient and the
patient’s family. A detailed written consent form is obtained.
The patient is carefully evaluated by a neuropsychologist,
while all the planned neuropsychological tests and their clin-
ical significance are extensively discussed with the patient.
The process of the extraoperative electrical stimulation and
mapping is explained to the patient, and special emphasis is
given to the fact that seizures may be induced by the electri-
cal stimulation and can be safely managed.

The process of the implantation of the electrodes, the ben-
efits, and the potential complications are also discussed with
the patient. The importance of maintaining the implanted
electrode tails in a secure position and clean is pointed out to
the patient and the caregivers. Also, the fact that there will be
a video-EEG recording (in epilepsy cases) is explained.

The patient’s conventional MRI, magnetic resonance
venography (MRV), or computer tomography venography
(CTV), fMRI, and EEG studies are carefully reviewed. In
cases in which there are concerns regarding the white matter
tracts, a DTI study is obtained. A standard preoperative
work-up including a complete blood count, platelet count,
prothrombin time (PT), partial thromboplastin time (PTT),
bleeding time, and a basic blood biochemical profile are
obtained. Especially for epilepsy patients, the chronic use of
anticonvulsants may interfere with the patient’s clotting pro-
file. The patient is routinely evaluated by a neuroanesthesi-
ologist before surgery.

11.3 Surgical Planning

All the patient’s imaging studies (MRI, fMRI, DTI, MRV, or
CTV) are uploaded in the navigation computer. In addition,
the EEG data are taken into consideration for identifying any
areas of epileptogenic activity. The areas of interest are iden-
tified, and their proximity to any potential eloquent cortical
areas is examined. After confirming the areas that need to be
covered by an electrode, the most efficient combination of
subdural strip and grid and also depth (if necessary) elec-
trodes is chosen (Fig. 11.2). It must be emphasized that a
wide variation in shape and size of subdural electrodes is
available for covering practically any cortical area.
Furthermore, novel-shaped electrodes especially designed
for certain anatomic areas (e.g., the insula) and hybrid elec-
trodes with a combination of standard contacts and microw-
ire arrays embedded in-between the contacts provide
additional options for more accurate but also safer monitor-
ing, stimulation, and mapping.

Fig. 11.2 Intraoperative picture demonstrating a combination of
implanted subdural grid and strip electrodes for invasive extra-operative
EEG recording and cortical electrical stimulation and mapping
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Fig. 11.3 Immediate postimplantation picture in a patient with left-
sided temporal subdural electrode implantation for extraoperative EEG
monitoring and cortical stimulation and mapping. The exiting electrode
tails (arrow) are safely secured in the skin, while the exit points are in
an adequate distance (at least 2.5 cm away) from the surgical wound
skin incision. This will prevent any electrode misplacement and mini-
mizes the risk of any postimplantation infections

The potential entry point for depth electrodes as well as
the surface cortical vein anatomy is carefully considered in
order to minimize the risk of a venous injury during the
insertion of the electrodes. The exit points of the tails of the
subdural electrodes are carefully chosen in order to maxi-
mize sterility during the procedure and to minimize any
mechanical friction, thereby avoiding any electrode migra-
tion during the monitoring period (Fig. 11.3). The most opti-
mal surgical plan is finalized and saved for the day of the
procedure, thus allowing the selection of the ideal position
for the patient’s head and the three-point fixation device. Any
particular concerns regarding the patient’s position during
the procedure are discussed with the anesthesiology team.

11.4 Implantation of Electrodes

The day of the first procedure the patient takes all his or her
medications early in the morning and is taken into the oper-
ating room. After a smooth general endotracheal anesthesia
induction, the depth electrodes (if planned) are placed first in
order to avoid any cerebrospinal fluid leak and thus minimize
any inaccuracies. Subsequently, the planned craniotomy is
performed. After the dural opening, the surface venous anat-
omy is confirmed. The subdural electrodes are carefully
implanted, and their exiting tails are tunneled under the skin
and exit at a distance of at least 2.5-3.0 cm from the surgical
wound incision to minimize the risk of infection (Fig. 11.4).
The importance of adequate exposure cannot be overempha-
sized so as to avoid any venous injuries and postoperative
hematomas during the insertion of subdural grids and strips
under the dura. The tails of the electrodes are safely anchored
and secured at the skin. The bone edges at the exit points are
drilled and smoothed in order to avoid any mechanical fric-
tion points and potential electrode breakage (Fig. 11.5). The
surgical wound is thoroughly irrigated to remove any blood
clots, which may interfere with the extraoperative monitor-
ing and stimulation process.

A high-resolution photograph of the implanted electrodes
is taken for the extraoperative stimulation process. The
watertight closure of the dura is of paramount importance in
order to avoid any postoperative cerebrospinal fluid leakages
not only to mitigate any postoperative infections but also to
avoid any electrode migration and displacement. The local
application of collodion at the electrode exiting points serves
exactly the same purpose.

A postoperative 1-mm slice thickness CT scan and an
MRI are obtained in the immediate postoperative period for
verifying the position of the implanted electrodes. The
obtained images are fused, reconstructed in three-dimensional
models, and used for electrode placement verification
(Fig. 11.6).
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Fig. 11.5 Intraoperative picture taken during closure demonstrating
the bone grooving at the electrode tail exiting points (arrow). This osse-
ous edge smoothening minimizes any mechanical friction and electrode
dysfunction and/or breaking

Fig. 11.4 (a, b) Intraoperative and immediate postoperative pictures
demonstrating the implantation of a 32-contact subdural grid electrode
and the exiting electrode tails. Collodion is routinely applied around the
exiting electrode tail to minimize any cerebrospinal fluid leakage
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Fig. 11.6 (a, b) Axial MRI image and three-dimensional reconstruc-
tion of postimplantation MRI demonstrating the exact anatomic loca-
tion of each of the previously implanted subdural grids and the
underlying pathology (glioma)

11.5 Extraoperative Stimulation

The extraoperative stimulation in medically intractable epi-
lepsy cases is performed after completing the monitoring
period, which usually requires the recording of at least two to
three episodes of the patient’s habitual seizures. In tumor
cases, however, in which EEG monitoring is not necessary,
the stimulation and mapping are usually performed 24 to
48 hours after the electrode implantation in order to mini-
mize any implantation-associated artifacts.

The morning of the stimulation, the whole process is
explained again to the patient. The patient’s comfort and the
safe management of any stimulation-induced seizures are
very important for the success of the stimulation and the
detailed mapping. The whole process is video-recorded for
future reference but also for research purposes.

The stimulation parameters may vary among different
protocols. We routinely employ electric stimulation of 50 Hz
frequency, alternating polarity of 0.2 ms, square-wave pulses,
3 s train, and current intensity of 2—6 mAmp. The initial
stimulation may start at 2 mAmp, and then it may be pro-
gressively increased by 0.5 or | mAmp increments. Whenever
there is a speech arrest, a phonemic error, or a paraphasia, a
second round of stimulation is performed for confirming
these findings after an adequate period of time. It should be
pointed out that adequate time needs to be provided between
stimuli in order to avoid any after-discharge electrical
activity.

Numerous speech or other task tests may be employed
during stimulation. We routinely perform at least a minimum
menu of the following four speech tests: (i) Boston naming,
(ii) listening comprehension of a text, (iii) reading of a text,
and (iv) spontaneous speech. This core menu may be
expanded to include other more complicated tests such as
rehearsing, parroting, opposite/synonym word finding, noun
production from a verb and vice versa, counting, and calcu-
lating, depending on the patient’s background and education
level and skills. All these tests may be employed in more
than one language for multilingual patients.

Furthermore, memory or other neuropsychological tests
may be employed for evaluating certain skills and abilities,
thus creating the respective cortical mappings. All other cog-
nitive, psychological, or autonomic responses are recorded
and are properly depicted on the generated cortical maps. In
those cases in which a task-generated fMRI study has been
previously performed, the employed paradigms may be
tested for confirming the location of these functions but also
for evaluating the accuracy of the fMRI results. The employ-
ment of extraoperative stimulation may provide significant
clinical information as well as a large amount of electrophys-
iologic data for research purposes.
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The stimulation and mapping can be performed in more
than one session if the patient is not comfortable or if
stimulation-induced seizures occur and interrupt one of the
sessions. In addition, the patient’s relatives may be present
during the whole process, which may be particularly helpful
in cases of pediatric patients. The management of any
stimulation-induced seizure activity can be safely done, but
both the patient and the involved personnel need to be aware
of this possibility. In our experience, including more than
150 tumor and epilepsy cases, the stimulation and mapping
process could not be completed in only 3% of our patients. In
approximately 15% of our cases this process required more
than one session of stimulation and mapping.

11.6 Removal of Electrodes

All the collected data of the stimulation and the generated
cortical maps are uploaded on to the navigation workstation
and the surgical resection plan is created. The day of the sec-
ond procedure, before prepping and draping of the surgical
field, the electrode’s anchoring sutures are removed. After
reopening the dural flap, the previously implanted electrodes
are carefully removed and are sent for cultures. At the end of
the procedure, the electrode exiting points are thoroughly
irrigated with antibiotic solution and sutured.
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11.7 Complications

The implantation of electrodes has been associated with vari-
ous complications. In general, depth electrodes are consid-
ered safer than subdural electrodes [44-46]. Indeed, the
occurrence of any depth electrode—associated complications
has been reported to be 2.5% (overall morbidity), while the
occurrence of hemorrhagic complications after depth elec-
trode insertion was reported to be 0.2% [47-50].

Various complications have been reported in the pertinent
literature in regard to the implantation of subdural strip and/
or grid electrodes [44-46, 51-54]. Wellmer et al. [45]
reported a cumulative complication rate of 23.1%, while in
their recent series Yang et al. found that the subdural elec-
trode—associated cumulative complication rate was 21.7%
[54]. The subdural electrode associated mortality rate has
been reported to be as high as 2.1% [52]. This is the result of
increased intracranial pressure and cerebral edema develop-
ment in the vast majority of these cases and is more common
among children and in cases of interhemispheric, bulky, grid
electrode implantation. The development of edema after sub-
dural electrode implantation ranges in the literature between
0.5% and 14% [52]. In pediatric cases, when multiple subdu-
ral grid electrodes are planned to be implanted, it may be
advantageous to insert an intracranial pressure monitor to
properly manage the intracranial pressure.

The occurrence of an infection has been reported to vary
from 1.1% to 17% [52]. In the vast majority of cases, the
infection can be conservatively managed with systemic anti-
biotics, with no further consequences. The total number of
the implanted electrodes and the duration of monitoring have
been strongly associated with the development of postim-
plantation infection [45]. Likewise, the incidence of postim-
plantation cerebrospinal fluid leakage has been reported to
range between 0% and 20% [52].

The development of postimplantation epidural hematoma
has been reported to be 1.8%—2.5%, while that of a subdural

Fig. 11.7 Intraoperative picture taken during reopening of the dural
flap for removing the previously implanted subdural grid electrode
depicting a small subdural hematoma. In the vast majority of cases
these subdural hematomas are of small size and of no clinical
significance

hematoma has been 1.1%—-14% (Fig. 11.7) [52]. Arya et al.
[55], in their meta-analysis study including 21 previously
published clinical series, found a 4% incidence of intracra-
nial hemorrhage. They concluded, however, that only a small
percentage (3.5%) of the complicated cases required a reop-
eration for managing their complication [55].

We have also previously reported the recording of nonha-
bitual seizures during the monitoring period in approxi-
mately 3% of our implant cases [44]. These findings may be
the result of mechanical and/or chemical irritation of the
underlying cortex caused by the implanted subdural grid
[44]. This may be a confusing and misguiding finding in epi-
lepsy cases, leading to erroneous conclusions regarding the
localization of seizure focus/i.
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11.8 Future Developments

The designing and the development of novel substrate mate-
rials for subdural strip and grid electrodes may further mini-
mize the risk of any complications. Moreover, the wide
clinical application of hybrid electrodes may well increase
the accuracy of extraoperative stimulation and mapping. The
designing and manufacturing of anatomically designated
subdural electrodes for certain areas such as the insula and/
or the mesial surface of the hemispheres will most probably
increase the safety and the overall clinical utility of extraop-
erative monitoring, stimulation, and mapping strategies.
However, thorough knowledge of the implantation surgical
technique along with meticulous understanding of the poten-
tial complications remains of paramount importance.
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